Using a RT-PCR approach, we were able to isolate a cDNA encoding the Xenopus homologue of hepato-cyte growth factor-like protein, which we have termed accordingly Xhl. The deduced Xhl protein consists of 717 amino acids, contains four putative kringle domains and a serine protease-like domain characteristic for mammalian HGF and HGF-like protein.
Introduction
The molecular basis of embryonic induction has drawn a great deal of interest, since the discovery of neural induction by Spemann and Mangold (1924) . The enthusiasm to look for natural inducers, however, has turned into frustration for a long period. Although it was possible to isolate a protein factor, which clearly showed inducing capabilities (Tiedemann and Tiedemann, 1956) , complete characterization has not been possible due to the minute amounts that could be isolated.
A breakthrough was certainly the isolation of a factor from a Xenopus cell line that was able to induce mesoderm (Smith, 1987) and could be identified as a Xenopus activin (Smith et al., 1990) .
At about the same time it has been demonstrated that bFGF also has mesoderm inducing properties (Slack et al., 1987; Kimelmann et al., 1988; Grunz et al., 1988) . Very important information has been obtained from experiments with the truncated receptors for both activin and FGF. In the laboratory of Kirschner, FGF receptor mRNA lacking the coding sequence for the intracellular domain was injected into Xmopus eggs, leading to severe malformation in posterior mesoderm (Amaya et al., 1991) . A similar experiment with mRNA coding for the activin receptor impaired predominantly anterior mesoderm (Hemmati-Brivanlou and Melton, 1992) . Therefore, it is now well established that members of the FGF-family and TGF$ family play key roles in mesoderm induction (for review see Slack, 1993; Kessler and Melton, 1994) , the first inductive event in the developing embryo (Nieuwkoop, 1969) .
The situation is far less well understood in the case of neural induction. There, during gastrulation dorsal mesoderm is inducing competent ectoderm to form the neural plate. A particularly remarkable feature of the neurectoderm is that, once it has been induced, it is itself able to act as a neural inducer, a phenomenon known as homeogenetic neural induction (Spemann, 1938; Grunz, 1990; Servetnick and Grainger, 1991; Ruiz i Altaba, 1992a) .
The source of the neural inducing signal(s) could be identified as the organizer region, since transplantation of the organizer to the ventral side of a host embryo induces a complete secondary nervous system consisting almost exclusively of cells derived from the host embryo, which normally would not become neural (Spemann and Mangold, 1924; Spemann, 1938) .
Progress in elucidating the molecular nature of these signals has been made only recently. Two secreted proteins, noggin and follistatin, which are both expressed in the organizer region, were shown to induce the expression of neural markers in animal cap explants without inducing mesoderm (Lamb et al., 1993;  for review see Harland, 1994) . The molecular nature of the signal(s) responsible for homeogenetic induction, however, is still unknown.
In addition, there is also evidence that hepatocyte growth factor/scatter factor (HGF/SF) is involved in neural induction in the chick embryo. HGF/SF is a secreted molecule with multiple biological activities. Among them, HGFEF induces cell growth (Michalopoulos et al., 1984; Nakamura et al., 1984) , increases cell motility of epithelial cells (Stoker et al., 1987) , promotes invasiveness of epithelial cells (Weidner et al., 1990 , Bellusci et al., 1994 and induces neural tissue without formation of mesoderm (Stern et al., 1990; Streit et al., 1995) . The latter property is based on the observation that HGF/SF was shown to induce neural development of chick epiblast cells. Implantation of a source of HGF beneath the epiblast layer of chick embryos results in the formation of a secondary axis as well as direct induction of neural tissue (Stern et al., 1990) . In addition, HGF-treated epiblast explants express certain neural markers and exhibit a neuron-like morphology. It was also shown that HGF/SF is expressed in Hensen's node, which is considered the neural inducing tissue in the chick embryo (Streit et al., 1995) .
However, mice deficient for HGF/SF show no abnormal development of the nervous system (Schmidt et al., 1995; Uehara et al., 1995) . Furthermore, in Xenopus, HGF mRNA cannot be detected before the end of gastrulation, and there is evidence that Xenopus HGF is expressed in ventral rather than dorsal mesoderm, the latter representing the source of the neuralizing signal (Nakamura et al., 1995) . This not only raises the question about the role of HGF/SF in neural development of amphibians but also points to a putative implication of HGF-related factors such as HGF-like protein in neural induction.
HGF-like protein was first isolated due to its homology to the amino terminal part of so-called 'kringle' domain proteins including HGF, thrombin and other factors of the blood coagulation cascade by low-stringency screening of a human genomic library with a bovine thrombin cDNA probe. On the basis of sequence similarity to HGF, however, the deduced protein encoded by the isolated clone was termed HGF-like protein (Han et al., 1991) . Simultaneously, a protein termed macrophage stimulating protein (MSP) was isolated (Skeel et al., 1991) , which was shown to be identical with HGF-like protein (Yoshimura et al., 1993) . MSP/HGF-like protein is able to activate phagocytosis via the C3b-receptor and also causes the appearance of cytoplasmic processes and pinocytic vesicles in freshly prepared macrophages (Skeel et al., 1991) . However, no implication of MSP/I-IGF-like protein in neural development has been reported.
In order to investigate the role of HGF-related proteins in early Xenopus development, we performed a reverse transcription PCR using primers based on highly conserved amino acid stretches of known HGF-related proteins such as HGF-like protein.
In this report, we describe the isolation and characterization of a cDNA encoding the Xenupus homologue of MSP/HGF-like protein, which we have termed Xhl, and show that its mRNA is specifically expressed in presumptive neural tissue during induction of the embryonic nervous system, only. Studies on transcriptional activation and plasmid-driven ectopic expression of Xhl suggest an important role for Xhl during the formation of the embryonic nervous system of Xenopus laevis.
Results

Isolation and sequence analysis of Xhl
Using a RT-PCR approach with subsequent screening of a Xenopus gastrula stage cDNA library, we were able to isolate a full-length cDNA encoding the Xenopus homologue of HGF-like protein, which was termed Xhl. The longest cDNA clone contained an insert of 2759 bp with a putative polyadenylation signal and a polyA tail at its 3' end. Translation of the only open reading frame revealed a protein of 717 amino acids. The first methionine is followed by a stretch of 28 amino acids characteristic for a putative signal sequence (Fig. 1) . Comparison of the deduced amino acid sequence of Xhl with the SWISS-prot data base using the FASTA alignment program (Pearson and Lipman, 1988) showed that Xhl has the highest degree of identity to human HGF-like protein (Han et al., 1991) (60% identity at the amino acid level), whereas Xhl is only 45% identical to Xenopus HGF (Nakamura et al., 1995) , suggesting that Xhl encodes tbe Xenopus homologue of HGF-like protein (Fig.  2) . On the basis of sequence similarity of Xhl to HGF-like protein and HGF, Xhl is supposed to contain four kringle domains in the a-subunit and a serine protease-like domain in the B-subunit. The B-subunit of Xhl is 35% identical to the catalytic domain of plasminogen-type serine proteases. However, the three amino acids critical for protease activity are not conserved in the B-subunit of Xhl. The corresponding critical amino acids at position 525, 571 and 667 changed from His to Gln, Asp to Ser and Ser to Tyr, respectively, suggesting that the B-subunit of Xhl has no proteolytic activity (Fig. 1) .
Human HGF-like protein is supposed to be converted into a biologically active form by proteolytic cleavage at Arg 483, which is conserved in all known HGF and HGFlike proteins (Nakamura et al., 1989; Tashiro et al., 1990; Han et al., 1991) as well as in Xhl. The sequence of Xhl has been confirmed by DNA-sequencing of two additional cDNA clones both encoding Xhl.
From these data, we conclude that Xhl represents the Xenopus homologue of hepatocyte growth factor-like protein.
Developmental and tissue-specific expression of
Xhl various developmental stages according to Nieuwkoop and Faber (1967) . Xhl hybridizes with two distinct mRNAs, which are 2.8 kb and 4 kb, respectively, in length. The presence of two distinct mRNAs for HGF-like protein has also been described for human HGF-like protein (Han et al., 1991) . The high-molecular weight mRNA is already present in the embryo as a maternal component but disappears before the mid-blastula transition (data not shown). Zygotic transcriptional activation of the highmolecular weight mRNA takes place at the onset of gastrulation at stage 10-11 of development and rapidly decreases after stage 15. Expression of the low-molecular weight mRNA can first be detected at stage 11, goes through a maximum at the onset of neurulation and decreases after induction and regionalization of the embryonic nervous system at stage 15 of development ( Fig. 3 ) (Saha and Grainger, 1992) . The temporal expression pattern of the high-and low-molecular weight RNA of Xhl suggests that alternative splicing of the longer RNA results in an increase of the short form of Xhl mRNA. The temporal expression pattern of Xhl mRNA during
In adult frogs, the mRNA for Xhl is expressed in kidembryogenesis was monitored by developmental Northney, liver and lung with different ratios of high-molecular ern blot analysis using RNA isolated from embryos of to low-molecular weight mRNA (Fig. 4) . .Xhl I acindicate the developmental stage, according to Nieuwkoop and Faber (1967) , at which RNA was isolated. The positions of the 28s ribosomal RNA, 18s ribosomal RNA and Xhl mRNA are indicated. Ethidium bromide-stained gel was photographed for documentation of RNAloading.
Regional expression of Xhl mRNA
In order to investigate the localization of Xhl mRNA within the embryo we performed whole-mount in situ hybridization and Northern blot analysis with RNA from various embryonic tissues including prospective neural plates and early (stage lo+) dorsal blastopore lips. As could be shown by Northern blot analysis, Xhl is specifically expressed in the prospective neural plate at stage 12 of development.
Both the high-and the low-molecular weight RNA of Xhl are expressed in prospective neural tissue, whereas Xhl mRNA cannot be detected in the rest of the embryo (Fig. 5 ). Northern blot analysis using the Xenopus homologue of HGF, XHGF (Nakamura et al., 1995) , as a probe revealed that XHGF mRNA is neither expressed in the prospective neural plate nor in the organizer region (data not shown). First, these results confirm the data of Nakamura et al. (1995) , which have shown that XHGF seems to be expressed in ventral mesoderm not before the end of gastrulation and second, the absence of XHGF transcripts from organizer tissue and prospective neural plate argues against a role of XHGF in neural induction, at least in Xenopus.
The neural plate-specific expression pattern of Xhl was further investigated in detail by whole-mount in situ hybridization. Fig. 6A shows that Xhl mRNA is specifically located to the prospective neural plate at stage 12 of de- Fig. 4 . Northern blot analysis of Xhl mRNA distribution in adult frogs. 1, Brain; 2, kidney; 3, liver; 4, lung; 8pg total RNA were loaded per lane. Ethidium bromide-stained gel was photographed for documentation of RNA-loading. velopment. Interestingly, Xhl antisense RNA hybridizes with the midline of the neural plate (Fig. 6A) , which becomes populated by cells of the notoplate during gastrulation (Keller and Danilchik, 1988; Keller et al., 1992) . Later on, at early (stage 13) (Fig. 6B ) and mid-neurula stages (stage 15) (Fig. 6C ), Xhl mRNA expression is still confined to the midline of the neural plate. After stage 15 the mRNA of Xhl can no longer be detected by wholemount in situ hybridization (see developmental Northern blot data).
Analysis of cross-sections through the posterior-most part of whole-mount stained embryos at late gastrula stage 12 reveals that Xhl transcripts are localized in epithelial cells as well as in deeper cell layers of the notoplate (Fig. 7a) . In more anterior regions (in the middle of the antero-posterior axis), however, Xhl mRNA is predominantly expressed in epithelial cells of the midline of the neurectoderm, whereas Xhl mRNA cannot be detected in deeper cell layers of the notoplate (see Fig. 7b ). Fig. 7c shows that at early neurula stages (stage 13) Xhl mRNA is predominantly localized in epithelial cells of the notoplate with trace amounts of Xhl mRNA expressed in deeper layers of the posterior-most part of the notoplate. In more anterior regions Xhl transcripts are strictly localized in the epithelial layer of the neural plate midline as shown in Fig. 7d . Later, at the onset of neurulation at stage 15, Xhl mRNA is exclusively expressed by socalled bottle cells, which show the characteristic apical constriction important for triggering the closure of the neural tube (Fig. 7eJ.J. 
Activation of Xhl transcription
Neural induction is triggered by signals emanating from dorsal mesoderm (Spemann and Mangold, 1924) . However, it is not clear whether these signals are transmitted to the ectoderm in a vertical or a planar way.
When embryos are cultured in high-salt solution, the ectoderm separates from the endomesoderm, thereby preventing vertical neural induction by dorsal mesoderm. As a consequence, neural differentiation of the ectoderm is inhibited (Holtfreter, 1933) . However, the induction of several neural markers in the ectodermal part of exogastrulae as well as in Keller explants has been reported by different groups, suggesting that planar signals contribute to the induction of the embryonic nervous system (Dixon and Kintner, 1989; Doniach et al., 1992; Ruiz i Altaba, 1992a) .
Thus, we addressed the question whether vertical or planar signals are responsible for Xhl activation. To that aim, we isolated the ectodermal part of exogastrulae, when sibling embryos reached stage 16 of development and subsequently performed Northern blot analysis using Xhl cDNA as a probe. In Fig. 8A we show that Xhl mRNA is not expressed in the ectoderm of exogastrulae, suggesting that Xhl transcription is activated by vertical rather than planar signals from dorsal mesoderm. Culture of exogastrulae until stage 24 of development did not result in an increase of Xhl mRNA expression in the ectoderm.
Interestingly, disaggregation and delayed reaggregation of animal cap explants triggers neural development of ectodermal cells without inducer (Grunz and Tacke, 1989 ) probably due to dilution of an inhibitor of neural development present in ectoderm explants. Activin, which is a potent inducer of mesoderm (Smith et al., 1990) , is supposed to play the role of an inhibitor of neural induction in Xenopus (Hemmati-Brivanlou and Melton, 1992; . Arrow points at neural groove and bottle-cells, respectively. Since Xhl represents a low-abundant mRNA, only weak signals were observed in cross-sections of whole-mount labelled embryos, Longer staining of embryos, however, resulted in mom background staining, making it difficult to distinguish specific from unspecific signals. yp, yolk plug; ae, archenteron; n, notochord; s, somitic mesoderm. Hemmati- HemmatiBrivanlou et al., 1994) . In Fig. 8B we show that delayed reaggregation of ectoderm explants is sufficient for transcriptional activation of Xhl, whereas Xhl mRNA is not expressed in cultured animal caps. Thus, it will be interesting to investigate whether activation of Xhl is connected with expression and action of follistatin and activin, respectively.
To prove neural differentiation of reaggregated animal caps, we performed Northern blot analysis using a neuralspecific RNA-binding protein (24-39) (Richter et al., 1990) (Fig. 8B ) and a neural-specific beta-tubulin isoform (Richter et al., 1988 ) (data not shown) as a probe. Both mRNAs are expressed in dissociated/reaggregated animal caps demonstrating that neural differentiation has taken place.
To compare the expression of Xhl with XHGF, the same Northern blot as shown in Fig. 8B was reprobed with XHGF. In contrast to Xhl, we were not able to detect XHGF transcripts in dissociated/reaggregated animal caps even after long exposure of filters (7 days) (data not shown).
Overexpression of Xhl in Xenopus embryos
In order to investigate the biological function of Xhl during development we performed overexpression experiments. To that aim, we cloned the entire Xhl cDNA into the pXeX Xenopus expression vector. This plasmid carries an EF-1 alpha promoter as a regulatory element directing expression of the Xhl cDNA insert theoretically to all cells of the embryo which contain at least one copy of the expression plasmid from mid-blastula transition onward (Johnson and Krieg, 1994) .
Injection of the pXeX-Xhl expression construct at the two-cell stage into the animal half of both blastomeres resulted in severe malformations of the embryonic axis with split neural tubes resembling the 'spina bifida' phenotype. Seventy-eight percent of 56 injected embryos developed two partial tails due to a bifurcation of the neural tube posterior to the head and brain region, respectively, whereas the more anterior part of the nervous system appeared unaffected (Fig. 9a,b) . We never observed split tails in control embryos. The tails of Xhloverexpressing embryos are bent and the total length of embryos is much shorter when compared with control embryos injected with pXeX plasmid alone (Fig. 9a) . Xhl-pXeX injected embryos, however, exhibit an oval physique instead of the slim build observed in control embryos (Fig. 9c,d) . Therefore, in cross-sections the diameter of Xhl-injected embryos is larger than in controls (compare Fig. lOa,b with Fig. lOc,d ). Twenty percent of injected embryos with split tails, however, had additional anterior malformations like eyes fused in the middle of the brain and incorrect formation of brain vesicles (Fig.  9c,d ).
Histological analysis of injected embryos revealed that the notochord is localized laterally of the axial midline on one side of the embryo, only. In addition, the amount of neural tissue in embryos ectopically expressing Xhl is considerably enlarged (Fig. 10a ) compared to control embryos (Fig. 1Oc) . Fig. 10a shows a transverse section of an embryo injected with Xhl-pXeX through a region immediately posterior of the brain at the bifurcation of enlarged neural tissue. In the trunk region, however, neural tissue has extended to both sides of the embryo but has not folded up posterior of the brain during neurulation to form the neural tube (Fig. lob) . Ectopic neural structures, however, were not induced by ectopic expression of Xhl, suggesting that Xhl promotes rather than induces the formation of neural tissue. Furthermore, cells not determined to form neural tissue are likely not competent for Xhl signaling. Essentially the same results were obtained with the ectopically expressed alpha-subunit of Xhl (see Fig. 1 ). This subunit is supposed to be responsible for receptor-binding and signal transduction, respectively . As a consequence, proteolytic processing of Xhl is not necessary for Xl&activation. Analysis of embryos ectopically expressing alpha-Xhl, however, revealed the same phenotype as caused by overexpression of the entire Xhl cDNA (data not shown). From these results we conclude that the competence and susceptibility of cells for Xhl signaling depends on the localized expression of its receptor rather than on the localization of the processing activity. For this reason, we speculate that the receptor for Xhl and the factor(s) essential for proteolytic activation of Xhl are localized in approximately the same region of the embryo as Xhl mRNA. This speculation is consistent with the finding that the putative receptor for Xhl is also specifically expressed in prospective neural tissue (Aberger and Richter, unpublished data). 
Discussion
Hepatocyte growth factor/scatter factor (HGFBF) is a secreted molecule with multiple biological activities (for review see Warn, 1994) including the ability to induce neural tissue (Stern et al., 1990; Streit et al., 1995) . From experiments with mice deficient for HGF, however, it seems unlikely that HGF/SF is essential for neural development, since these mice develop a completely normal nervous system (Schmidt et al., 1995; Uehara et al., 1995) . Furthermore, the mRNA for Xenopus HGF (XHGF) is not expressed until the end of gastrulation, and there is evidence that HGF expression is activated in ventral rather than dorsal mesoderm (Nakamura et al., 1995) . We also found that XHGF mRNA is not expressed in prospective neural tissue or in the organizer region. Thus, the role of HGF in neural induction remains elusive, at least in Xenopus. More likely, these data suggest that a factor related to HGF such as HGF-like protein could be involved in the formation of neural tissue in Xenopus.
In this report we describe the isolation and characterization of a cDNA clone encoding the Xenopus homologue of HGF-like protein, which is expressed at the right time and place within the embryo to be considered a secreted factor involved in neural induction and formation of the embryonic nervous system, respectively. We termed this clone Xenopus hepatocyte growth factor-like, in short Xhl.
Sequence of Xhl, the Xenopus homologue of HGFlike protein
Xhl shows the highest degree of identity to human HGF-like protein (Han et al., 1991) . The deduced protein sequence of the Xhl cDNA shows the characteristics of a secreted polypeptide with a putative signal sequence at the N-terminus. Sequence analysis of the deduced protein sequence suggests that Xhl contains four kringle domains also present in HGF, HGF-like protein and certain factors of the blood coagulation cascade (for review see Warn, 1994) . On the basis of sequence homology to HGF-like protein and HGF, Xhl protein is converted from an inactive to a biologically active form by proteolytic cleavage into a larger alpha-subunit of 50 kDa containing the four kringle domains and a smaller beta-subunit of 30 kDa. The beta-subunit is homologous to known plasminogentype serine proteases but amino acids essential for catalytic activity are exchanged, indicating that Xhl has lost its proteolytic activity during evolution.
Studies on HGF-activation have shown that HGF is secreted as an inactive single chain precursor and converted in the ECM from an inactive precursor into a biologically active form (Naldini et al., 1992) . Extracellular proteolytic cleavage of HGF is mediated by urokinase (Naldini et al., 1992) and the serine protease HGF-activator protein, which resembles known proteases of the bloodcoagulation cascade (Miyazawa et al., 1993) . Since activation of HGF-activator also depends on proteolytic cleavage (Miyazawa et al., 1993) , activation of HGF is likely to be mediated by a proteolytic cascade similar to the blood coagulation system. Similarities in sequence and structure between HGF and HGF-like protein suggest that the biological activity of Xhl during neural induction is under control of a similar proteolytic cascade.
Developmental and in situ expression of Xhl
As could be shown by developmental Northern blot analysis, zygotic transcription of Xhl is activated at the onset of gastrulation but rapidly decreases after stage 15 of development. Furthermore, Xhl mRNA is specifically expressed in the prospective neural plate. These results suggest that Xhl acts during the induction and regionalization of the embryonic nervous system (Saha and Grainger, 1992) .
As could be shown by whole-mount in situ hybridization, the mRNA of Xhl appears to be localized predominantly in cells of the midline of the neural plate. These cells, which derive from the notoplate, respond to signals from the organizer. As a consequence, these cells exert extensive convergence-extension movements during gastrulation, which leads to the population of the midline of the neural plate (Keller and Danilchik, 1988; Keller et al., 1992) . Histological analysis has shown that Xhl mRNA is predominantly expressed in the epithelial layer of the notoplate. In the posterior part of the prospective neural plate, however, Xhl is also expressed in deeper cell layers of the prospective neural plate, which were shown to exert extensive convergence-extension movements (Keller et al., 1992) , suggesting that Xhl could play a role in regulating cell movements and adhesion, respectively.
Interestingly, homeogenetic neural induction by neural tissue is abolished, when notoplate cells are removed from the neural plate (Ruiz i Altaba, 1992a), suggesting that cells of the notoplate act as a source for a homeogenetic neuralizing signal. Moreover, notoplate cells are considered a midline organizing centre of the neural plate, contributing to the formation of both the anteroposterior and mediolateral pattern of the neural plate (Ruiz i Altaba, 1992a; Zimmerman et al., 1993) . Since Xhl represents a secreted factor expressed in cells of the notoplate during the time of neural induction, it will be of great interest to investigate the role of Xhl during gastrulation and its putative implication in homeogenetic neural induction by the notoplate. Furthermore, a putative receptor for Xhl is specifically expressed in the entire prospective neural plate during gastrulation (unpublished data), supporting the speculation that Xhl spreads through the plane of the ectoderm as it is assumed for a homeogenetic neuralizing signal emanating from the notoplate.
Overexpression of Xhl results in severe axial malformations
Since ectopic expression of distinct genes is an important tool to investigate the biological activity of a particular gene during early Xenopus development, we performed overexpression experiments by injecting an Xhl expression vector into both blastomeres at stage 1 of development (according to Nieuwkoop and Faber, 1967) . Ectopic expression of Xhl in Xenupus embryos results in development of split tails and problems in closure of the neural tube, suggesting that Xhl could play a regulatory role in the control of neurulation and cell adhesion/ motility, respectively. This is consistent with our findings that Xhl mRNA is expressed in so-called bottle cells which contribute to neurulation by apical constriction leading to the formation of the neural groove. Besides the defect in closure of the neural plate, ectopic expression of Xhl causes an enlargement of neural tissue when compared with control embryos. Thus, Xhl appears to promote the formation of neural tissue during early neural development.
It is, however, also possible that ectopic expression of Xhl leads to an alteration of cell movements during gastrulation, which could cause the formation of additional neural tissue. For example injection of mRNA coding for MAP kinase phosphates-l (MI@-1) gives rise to a very similar phenotype with split tails and posterior axial malformations.
In these embryos, early gastrulation movements occur normally and on time. During the later phases of gastrulation, however, cell movements are perturbed. In this case, the organization of mesodermal structures like somites and notochord were affected. The amount of neural tissue, however, was not shown to be altered (LaBonne et al., 1995) .
For this reason, it is necessary to perform more sophisticated experiments such as molecular and histological analysis of animal cap explants expressing active Xhl protein and its receptor to address the in vivo function of Xhl during Xenopus development.
Transcriptional activation of Xhl by vertical signals and delayed reaggregation of animal cap explants without inducer
Neural induction is triggered by vertical signals from the organizer (Spemann and Mangold, 1924; Mangold, 1933; Holtfreter, 1933) . During recent years, however, several experiments on exogastrulae and Keller sandwiches have provided evidence that planar signals emanating from dorsal mesoderm also play an important role in neural induction (Kintner and Melton, 1987; Dixon and Kintner, 1989; Doniach et al., 1992; Ruiz i Altaba, 1992a) . Planar signals are supposed to act through the plane of the ectoderm, thereby inducing neural development of competent ectodermal cells (for review see Ruiz i Altaba, 1992b) .
Our experiments with exogastrulae, however, provide evidence that transcriptional activation of Xhl depends on vertical rather than planar signals emanating from the organizer region, since Xhl mRNA is not expressed in the ectoderm of exogastrulae.
On the other hand, however, transcription of Xhl is strongIy activated by disaggregation and delayed reaggregation of ectoderm explants, a process shown to cause neural differentiation of ectodermal cells without inducer (Grunz and Tacke, 1989) . Neural development of ectoderm explants triggered by disaggregation and delayed reaggregation is probably due to dilution of .an endogenous inhibitor of neural development.
Interestingly, inhibition of the signal transduction pathway of activin and overexpression of follistatin , an antagonist of activin, both induce the expression of neural marker genes in ectoderm explants, suggesting that activin acts as an endogenous inhibitor of neural induction in Xenopus. In addition, bone morphogenetic protein-4 (BMP4) (Wilson and Hemmati-Brivanlou, 1995; Sasai et al., 1995) was shown to inhibit neural induction triggered by dissociation and delayed reaggregation of ectoderm explants, providing evidence for a role of BMP4 in induction of epidermis and prevention of the formation of neural tissue, respectively. Since transcription of Xhl is strongly activated by delayed reaggregation of animal cap explants, it will be interesting to investigate the role of follistatin and BMP4 in the activation of Xhl transcription.
In contrast to Xhl, we do not detect XHGF mRNA in dissociated/reaggregated cells. Furthermore, XHGF mRNA is neither expressed in the organizer nor in prospective neural tissue. Together with our expression data and those of Nakamura et al. (1995) on XHGF, it seems likely that the Xenupus homologue of HGF-like/MSP rather than Xenopus HGF is involved in the formation of the embryonic nervous system of Xenopus laevis.
The discovery that Xhl is expressed in the midline of the neural plate could be a first step towards the understanding of the molecular nature of homeogenetic neural induction and neurulation. Therefore, it will be of great interest for the future to determine the biological function of Xhl during early neural development.
Experimental procedures
Embryos and embryology
Female Xenopus laevis were stimulated for ovulation with 1000 units of human chorionic gonadotropin (Sigma). Eggs were fertilized by the addition of macerated testis of male frogs, which were previously injected with 800 units of human chorionic gonadotropin.
Embryos were cultured in 0.1 X MMR (1 X MMR: 100 mM NaCl, 2 mM KCl, 2 mM CaC12, 1 mM MgCl*, 5 mM Hepes, pH 7.4). The jelly coat was removed with 3% Lcystein/HCl (pH 7.8). The stage of embryonic development was determined according to Nieuwkoop and Faber (1967) .
All dissections of embryos were performed in 0.6~ MMR using eye-brow knives and watchmakers' forceps. Prospective neural plates were isolated at stage 12 of development and frozen immediately afterwards at -70°C.
For exogastrulation, embryos were incubated in 0.95 x-l. 1 x MMR in petri dishes covered with BSA. To allow complete exogastrulation, the vitelline membrane was removed at stage 7-8 of development. Exogastrulae were cultured until sibling embryos reached stage 16 and 24 of development, respectively. Only exogastrulae, where the ectodermal part was clearly separated from the endomesoderm, were selected and further used for RNA isolation.
Animal caps have been isolated from stage 8-9 embryos and used for the disaggregationlreaggregation procedure according to Grunz and Tacke (1989) .
RNA isolation and RT-PCR
Frozen embryos and tissues were homogenized in 4.2 M guanidinium-isothiocyanate/lOO mM Hepes (pH 7.0) containing 1.5% /?-mercaptoethanol (Chirgwin et al., 1979) . RNA was isolated by an acidic phenol extraction and a subsequent lithium chloride precipitation. All steps were performed as described previously (Rhoads, 1975; Chomczynski and Sacchi, 1984) . For RT-PCR, polyA+ RNA from embryos at stage 12 of development was enriched by oligo-dT cellulose (Boehringer) affinity chromatography. Three micrograms of polyA+-enriched RNA were used for cDNA synthesis. The reaction was primed with 3 pg oligo-dT primers (Pharmacia). The solution containing 3 lug oligo-dT primers and 3,ug polyA+-enriched RNA was heated to 65°C for 5 min and subsequently chilled on ice. Then, 6~1 of 5X RT-buffer (ZOO mM Bicine, 200 mM potassium acetate (pH 8.2) with acetic acid; 200 mM KCl; 15 mM MgClz), 3,ul 0.1 M D'IT, 1~1 BSA (10 mg/ml), 1~1 dNTP (20 mM each of dATP, dCTP, dGTP, dTI'P), 1 ,ul [@P] dATP and 200 units M-MLV reverse transcriptase (Bethesda Research Laboratories, BRL) were added. The 30~1 reaction was incubated for 40 min at 37°C. To the 30~1 of the first strand reaction, 40~1 5X Pol I-buffer (100 mM Hepes/ KOH (pH 7.4) at 20°C; 500 mM KCl; 20 mM MgCl,; 50 mM (NH&SO,), 140,ul HzO, 2~1 15 mM NAD+, 1 ,ul BSA (10 mg/ml), 1~1 dNTP (20mM each of dATP, dCTP, dGTP, dTTP), 2 units RNaseH (BRL), 4 units E. cofi DNA ligase (New England Biolabs, Inc., NEB) and 50 units DNA polymerase I (NEB) were added. The reaction was incubated for 2 h at 16°C. Double-stranded cDNA was purified by CL-4B column chromatography. Ten percent of the cDNA was further used for PCR amplification. For PCR, degenerate primers according to the amino acid sequences PCQRWD and CEGDYGGP, which are conserved in both HGF and HGF-like protein, were used.
The conditions for PCR amplification were as follows: 5 min at 95°C; 1 min at 94°C 1 min at 42°C 1 min at 72°C for 2 cycles; 1 min at 94°C 1 min at 55°C 1 min at 72°C for 35 cycles. The specificity of the reaction was increased by a second round of amplification using 1~1 of the reaction as template and a sense primer located more 3' than the sense primer used for the first round of amplification. The lower primer was the same as in the first round of amplification. The sequence of the second sense primer, which was based on the amino acid sequence HGPWCYT and the conditions for subsequent PCR amplification were as follows: S'GAGTCTAGACA-YGGNCCNTGGTGYTAYAC3'; 5 min at 95°C; 1 min at 94"C, 1 min at 37°C 1 min at 72°C for 2 cycles; 1 min at 94"C, 1 min at 55°C 1 min at 72°C for 33 cycles. All amplification reactions were performed with Dynazyme thermostable DNA polymerase (Finnzyme) in a Cetus 2.0 thermocycler (Perkin Elmer). Amplified fragments were digested with XbaI and XhoI, subcloned into pBluescript KS+ and sequenced by the dideoxy chain-terminating method (Sanger et al., 1977) . One of the recombinant clones, which contained an insert of the expected size (720 bp), encoded a protein sequence with high sequence similarity to human hepatocyte growth factor-like protein (Han et al., 1991) . In contrast, none of the isolated clones showed any significant degree of sequence similarity to HGF.
Cloning of Xhl cDNA
The subcloned fragment was used to screen a Xenopus stage 12 plasmid cDNA library. The plasmid used for cDNA cloning, which was performed by a modified version of the RNaseH method (Gubler and Hoffmann, 1983 ) was a pUC18 vector, where part of the multiple cloning site was replaced by additional restriction sites for rare-cutting enzymes. The order of restriction sites in the modified multiple cloning site of pUC18 was as follows: HindIII-MluI-RsrII-NotI-PstI-XhoI-XbaI-BamHI-SmaIKpnI-B&I-SfiI-SacII-EcoRI.
Synthesis of cDNA was primed with an oligo-dT-Not1 primer adapter. For directional cloning, MluI linkers were ligated to the cDNA, which subsequently was digested with Not1 and MluI, then purified by Sepharose CL-4B (Pharmacia) column chromatography and finally, ligated into a NotI-MluI digested pUC18 vector. Approximately 8 x l@ recombinant clones were screened using a random primed labelled PCR fragment as a radioactive probe. Positive clones were sequenced and further characterized by Northern blotting and whole-mount in situ hybridization.
Northern blot analysis
The corresponding sequences of the primers were as For Northern blots, RNA was separated on a 1.2% agafollows: S'GAGTCTAGACCNTGYCARMGNTGGGA3'; rose gel and subsequently transferred to Genescreen ny-S'GGCTCGAGGGNCCNCCRTARTCNCCYTCRCA3'.
lon membrane (DuPont, NEN). Transferred RNA was crosslinked to the membrane by W-irradiation using a Stratalinker. Filters were hybridized with random primed labelled probes for 18 h in hybridization buffer (Church and Gilbert, 1984) at 65°C. After hybridization, filters were washed twice for 20 min in 0.2~ SSPE (1 x SSPE: 150 mM NaCl, 10 mM Na-phosphate, pH 7.0, 1 mM EDTA) at 60°C in a waterbath shaker.
Fixed embryos were embedded in paraffin, cut and stained with eosin as described (Kelly et al., 1991) . Imaging was performed by bright field microscopy using a Leitz Aristoplan microscope. Photography was performed with Kodak Ektar 100 for colour photos and Ilford Pan plus 50 for black and white photos. Lamb, T.M., Knecht, A.K., Smith, W.C., Stachel, S.E., Ecinomides, A.N., Stahl, N., Yancopolous, G.D. and Harland, R.M. (1993) Science 262.7 13-7 18.
